[1] A companion paper presented a numerical one-dimensional model of the marine boundary layer (MBL) including chemical reactions in the gas and aqueous phase, focusing on the reaction cycles of halogen compounds. In this paper we study interactions between halogen and sulfur chemistry. HOCl and HOBr were found to be generally more important than H 2 O 2 or O 3 in the oxidation of S(IV) in sea salt aerosols in the cloud-free MBL. The inclusion of halogen chemistry lead to an increase in the oxidation of DMS of roughly 63%. This additional oxidation is caused by BrO. The model was also expanded for the study of the cloudy MBL. We found that the effects of stratiform clouds on the evolution and diurnal cycle of halogen species are widespread; they are not restricted to cloud layers. The diurnal variation of gas and aqueous phase bromine was the opposite of that in cloud-free runs. Oxidation of S(IV) by HOBr and HOCl was important for cloud droplets, too. However, the relative importance of these oxidants changed compared to the cloud-free runs. 
Introduction
[2] In a companion paper [von Glasow et al., 2002] we discussed the chemistry of sea salt aerosols and halogen compounds in the cloud-free marine boundary layer (MBL) . In this paper we extend this study looking at interactions between halogen and sulfur chemistry. Vogt et al. [1996] proposed a link between halogen and sulfur chemistry. They discussed the potential importance of HOCl and HOBr in the production of sulfate in sea salt aerosol.
[3] Another link was suggested by Toumi [1994] , who proposed that the reaction of DMS with BrO could be important for the production of DMSO. Ingham et al. [1999] presented updated kinetic data and a model study of the importance of this reactions.
[4] Furthermore we study the importance of halogen chemistry in the cloudy MBL. The presence of stratiform clouds (stratus, stratocumulus) has an impact on the dynamics in the MBL as well as on radiative transfer, and the gas-aqueous phase partitioning of the chemical species. Chemical reactions in the cloud droplets also play an important role. Many studies dealt with these effects, e.g. in the framework of the ACE-2 campaign [Raes et al., 2000; Johnson et al., 2000] . To our knowledge, however, none of these studies included a description of halogen chemistry.
[5] We use the one-dimensional boundary layer model MISTRA-MPIC, which is designed for detailed process studies. A brief description of the model including the extensions compared to von Glasow et al. [2002] to model also cloud droplets is given in section 2. In section 3 we discuss the oxidation of S(IV) and the chemistry of DMS in a cloud-free MBL, whereas in section 4 the chemistry in the cloudy MBL with a focus on the influence of halogen compounds is discussed.
Description of the MBL Model
[6] We used the one-dimensional model MISTRA-MPIC which is described in detail by von Glasow et al. [2002] . Apart from a description of the dynamics and thermodynamics it includes a detailed microphysical module that calculates particle growth explicitly and treats feedbacks between radiation and particles. Chemical reactions in the gas phase are considered in all model layers, aerosol chemistry only in layers where the relative humidity is greater than the crystallization humidity. With the model the evolution of stratiform clouds can also be modeled. When such a cloud forms, cloud droplet chemistry is also active. Fluxes of heat, moisture, sea salt aerosol particles and gases from the ocean are included.
[7] For the cloud runs a large scale subsidence term has been added to all prognostic equations. Strictly speaking, in a one-dimensional framework the vertical velocity w = 0 everywhere. However, to correctly model the evolution of stratiform clouds the inclusion of large scale subsidence is essential as pointed out by several authors [e.g., Driedonks and Duynkerke, 1989] . Mass balance, however, is violated if subsidence is included. In runs where only aerosol chemistry is studied, i.e., in runs without clouds, the vertical velocity is set to zero (w = 0) to avoid this problem, for the cloud runs we used w = 0.006 m/s. The maximum total radius of the particles has been increased from 60 mm for the cloud-free model runs to 150 mm for cloudy runs.
[8] Collision-coalescence processes are not yet included in the model. However, a version of MISTRA including collision-coalescence without considering chemistry does exist [Bott, 2000] .
[9] The multiphase chemistry module comprises chemical reactions in the gas phase as well as in aerosol and cloud particles. Transfer between gas and aqueous phase and surface reactions on particles are also included. A complete listing of the reactions is available as electronic supplement to von Glasow et al. [2002] and on the web (http://www.rolandvonglasow.de). In the following, the term aqueous phase is used as generic term for subcloud aerosol, interstitial aerosol, and cloud particles.
[10] Aqueous chemistry is calculated in four bins (see Figure 1 ): Deliquescent aerosol particles with a dry radius less than 0.5 mm are included in the ''sulfate aerosol'' bin, whereas deliquescent particles with a dry aerosol radius greater than 0.5 mm are in the ''sea salt aerosol'' bin.
Although the composition of the particles changes over time the terms ''sulfate'' and ''sea salt'' aerosol are used to describe the origin of the particles.
[11] When the total particle radius exceeds the dry particle radius by a factor of 10, i.e., when the total particle volume is 1000 times greater than the dry aerosol volume, the particle and its associated chemical species are moved to the corresponding sea salt or sulfate derived cloud particle class. This threshold roughly coincides with the critical radius derived from the Köhler equation. When particles shrink they are redistributed from the droplet to the aerosol bins.
[12] Therefore in a cloud-free layer there are 2 aqueous chemistry classes (sulfate and sea salt aerosol) and in a cloudy layer 2 cloud droplet (sulfate and sea salt derived) and 2 interstitial aerosol (sulfate and sea salt) classes, giving a total of 4 aqueous chemistry classes. In each of these classes the prognostic equations are solved for each chemical species. A term that describes the transfer of chemical species from the aerosol to the cloud droplet regime (and vice versa) upon growing (or shrinking) of particles has been added to equation (5) of von Glasow et al. [2002] .
3. Chemistry of the Cloud-Free MBL
Overview of the Runs
[13] With the base run for the study of cloud-free MBL it was not intended to mimic a specific situation that has been observed in a field campaign, it is rather intended to present detailed process studies of the multiphase chemistry of the MBL under idealized conditions. The latitude chosen for this run is j = 30°at the end of July. The boundary layer height is roughly 700 m, moisture and heat fluxes from the sea surface are adjusted to yield a stable boundary layer. The relative humidity at the sea surface is roughly 65%, increasing with height to around 90% below the inversion that caps the MBL. The model runs that are used in the sensitivity studies are described in some detail by von Glasow et al. [2002] . Table 1 provides a brief overview of the main differences between the runs.
[14] Upon initialization no sulfate is present in the sea salt aerosol as it is supposed to be chemically unreactive. Therefore all sulfate that forms in these particles during the model run is non-sea salt sulfate (nss sulfate).
S(IV) Oxidation
[15] The production of S(VI) (H 2 SO 4 + HSO 4 À + SO 4 2À ) has been of interest in many studies in the past, experimental as well as model studies. When sulfate is produced in or taken up by particles, it changes the microphysical and optical properties of the particles. Oxidation of S(IV) (SO 2 + HSO 3 À + SO 3 2À ) to S(VI) is strongest in clouds. In the model runs including cloud chemistry 80 to 90% of the total S(VI) production occurs in cloud droplets (see section 4). In the absence of clouds the mean S(VI) production is reduced to approximately 10%. The gas phase production of H 2 SO 4 by the reaction SO 2 + OH is then a significant contributor to total sulfate production (55% of the mean rate in the base run). Important oxidants in the aqueous phase are H 2 O 2 at low pH and O 3 at higher pH. Vogt et al. [1996] proposed the importance of halogens (HOCl and HOBr) in the oxidation of sulfur in sea salt aerosol as will be further studied here. Transition metal catalyzed sulfur Figure 1 . The two-dimensional particle spectrum as function of the dry aerosol radius a and the total particle radius r. Added are the chemical bins. I: sulfate aerosol bin, II: sea salt aerosol bin, III: sulfate cloud droplet bin, IV: sea salt cloud droplet bin. For simplicity a 35 Â 35 bin grid is plotted, in the model 70 Â 70 bins are used.
ACH oxidation was assumed to play a minor role in the marine cases studied here and was therefore neglected.
[16] Table 2 lists the contributions of the different reactions to the total S(IV) oxidation rate (inluding gas phase oxidation of SO 2 by OH). The numbers are mean values integrated over the depth of the MBL.
[17] Oxidation by HOCl in the sea salt aerosol contributes 30% to the total mean S(IV) oxidation rate in the base run and between 4 and 45% in the other runs (see Table 2 ). The contribution of HOBr is less as discussed in section 4.2.
[18] Chameides and Stelson [1992] proposed that due to the high alkalinity of fresh sea salt particles O 3 would be the main oxidant for S(IV) in sea salt aerosol. Savoie [1998, 1999] obtained sea salt aerosol pH values of 3.5 to 4.5 from indirect measurements in moderately polluted conditions at Bermuda. Fridlind and Jacobson [2000] calculated pH values between 2 and 5 from data collected in the remote MBL during the ACE 1 campaign in the Southern Pacific Ocean (40°-55°S, 135°-160°E). These measurement-based calculations support our model estimates of the sea salt aerosol pH in the range of 3 to 5. In our base run, O 3 contributes 5.7% and in the other runs between 0.6% and 63% to S(IV) oxidation (Table 2) .
[19] Sievering et al. [1999] suggested that the carbonate buffer of the sea salt aerosol collected during the ACE-1 experiment could have been 50% higher than in seawater due to biogenic carbonate in the ocean's surface microlayer that could have been included in sea salt particles. Sulfate production by reaction with O 3 is proportional to the available alkalinity because it can proceed only as long as the aerosol pH is above about 6. Such a high pH value can only be sustained in sea salt aerosol while the HCO 3 À buffer is not exhausted. In the ''carbonate'' run this higher alkalinity was included and a significant increase in the importance of O 3 oxidation was found. HOCl, however, was still dominating the production of S(VI) ( Table 2) .
[20] The sea salt aerosol pH in the ''strong wind'' run is 1 (upper MBL) to 3 (lower MBL) pH units greater than in the base run ensuring that O 3 can play an important role for S(VI) production also after the initial acidification of the aerosol. The importance of O 3 oxidation increased significantly but still approximately 30% of the nss-sulfate was produced by HOCl and HOBr. This, however, might point to a weakness of the model: All sea salt aerosol particles are lumped together in one chemical ''bucket'', including small and large as well as fresh (more alkaline) and aged (more acidic) particles. In the ''strong wind'' run, sea salt aerosol mass is dominated by very large and fresh particles which results probably in pH values that are too high and therefore in inaccuracies in the determination of the importance of the O 3 path in S(VI) production.
[21] The S(IV) oxidation rate in the base run is 80% higher than in the run without inclusion of aerosol chemistry (''aerosol off'' run). The neglect of halogen chemistry (''halogen off'' run) lowers the mean S(IV) oxidation rate by roughly 25%.
[22] We now briefly discuss the results from the other runs that are shown in Table 2 . In the ''continental influence'' run, the higher SO 2 and OH mixing ratios (see Figure 2 ) lead to more than a tripling of the S(IV) oxidation rate, with the gas phase oxidation (SO 2 + OH) being dominant. In the ''low O 3 low SO 2 '' run, the opposite is true. The total S(IV) oxidation rate is 37% lower than in the base run and due to a slower and weaker activation of halogens the contribution of HOCl is smaller in the sea salt aerosol than in the base run.
[23] As explained by von Glasow et al. [2002] , halogen activation is a lot stronger in the spring and especially the winter run, where only the temperature and insolation had been adjusted. Chemical initialization and fluxes from the ocean are assumed to be the same as in the summer run. The total S(IV) oxidation rate is significantly reduced but the contribution of oxidation in the sea salt aerosol has increased to 55% and 80%, respectively. In the ''winter Cape Grim'' run, initial and boundary conditions that are typical for Cape Grim, Tasmania [von Glasow et al., 2002] were chosen. The total mean oxidation rate decreased further and now oxidation in the gas phase is unimportant with only 0.3% of the total oxidation rate. Due to the stronger sea salt fluxes oxidation by O 3 in the sea salt aerosols is dominant with 62.8% of the total. The contribution of HOBr and HOCl to the total oxidation rate are still very important with 25.5% and 10.5%. In the ''iod1/iod2'' runs, the activation of halogens is enhanced due to reactions of iodine leading to an increase in the relative importance of oxidation by HOCl in the sea salt aerosol. In the ''high DMS'' run, the flux of DMS was increased from 2 Â 10 9 to 1 Â 10 10 molec/(cm 2 s). It resulted roughly in a doubling of S(IV) oxidation. Oxidation of S(IV) in the sea salt aerosol is reduced compared to the base run, because the reactions DMS + Cl ! HCl + .. and DMS + BrO ! DMSO + Br reduce the cycling of halogen species between the gas and the aqueous phase and therefore lead to less activation of halogens and a smaller role of them in the aqueous oxidation of S(IV). The high mixing ratio of SO 2 as a consequence of DMS oxidation further contributes to the increased importance of the gas phase oxidation of S(IV).
[24] In the base run, the lifetime of SO 2 against oxidation by OH is about 10 6 s ( = 11.5 days) in the gas phase. The lifetime of S(IV) in the aqueous phase is significantly shorter (sulfate aerosol 0.02 s, sea salt aerosol 1.5 s) but first uptake of S(IV) by the aerosols is necessary, which is the rate limiting step. The lifetime of SO 2 against uptake is 10 6 -10 7 s yielding an overall lifetime of SO 2 of about 7.4 days. In Table 2 the SO 2 lifetimes are listed for all runs. The large sea salt aerosol surface due to enhanced aerosol production at the sea surface lead to a dramatic reduction in SO 2 lifetime in the ''winter Cape Grim'' and ''strong wind'' runs.
[25] The availability of SO 2 is a prerequisite for the production of S(VI). In the model a constant flux of DMS was used as the only source for SO 2 (via reactions discussed in the next section). The flux of DMS determines the mixing ratio of SO 2 as can be seen from Figure 2 where the initially low SO 2 mixing ratio in the run ''low O 3 low SO 2 '' was rapidly increased by the prescribed DMS flux to the same levels as in the base run. The steady state mixing ratio of SO 2 in the ''high DMS'' run would roughly be 500 pmol/ mol after adjustment to the higher flux of DMS. This is not reached during the 3 model days taken as basis for the rates tabulated, the actual implication of the increased DMS flux would therefore be higher.
DMS Chemistry
[26] Charlson et al. [1987] proposed that DMS and its oxidation products play a major role for the production of cloud condensation nuclei in the MBL and thereby in the regulation of climate. DMS is produced by phytoplankton in the oceans and then degasses to the atmosphere.
[27] Using a photochemical box model and laboratory measurements of the reaction
Toumi [1994] postulated that BrO could be an important sink for DMS in the marine atmosphere. Ingham et al. [1999] presented new kinetic data for this reaction and stated that the presence of BrO in the atmosphere could be detected by measurements of the ratio of DMSO/DMS which they calculated to be 0.01 in the absence of BrO and !0.1 in the presence of 1 pmol/mol BrO. Under the conditions present in the base run, oxidation of DMS by BrO contributes roughly 44% to the oxidation of DMS. OH is responsible for another 52% whereas the reaction DMS + NO 3 , which is the only chemical loss for DMS during night, contributes only about 4%, due to the small NO 3 concentrations in the model runs. Higher NO 3 mixing ratios would change the relative contribution of the different oxidants to DMS oxidation; it would not, however, change the relative importance of oxidation by OH and BrO (see also section 3.8 of von Glasow et al. [2002] for a discussion of NO x levels in the MBL).
[28] The chemical destruction of DMS is increased by roughly 63% in the base run compared to the ''halogen off'' run. This implies that oxidation rates of DMS could have been significantly underestimated by models that neglect the chemistry of bromine. Furthermore, many studies calculate the flux of DMS from the ocean based on atmospheric DMS mixing ratios and the assumption that reaction with OH is the only chemical loss. If BrO is a significant sink for DMS, the resulting DMS fluxes must be higher to yield the same atmospheric DMS mixing ratios. This would mean that DMS fluxes are underestimated.
[29] In the ''low O 3 low SO 2 '' run, oxidation of DMS increased SO 2 from initially 20 pmol/mol towards the steady state levels of SO 2 of the base run (around 80 pmol/mol, see Figure 2 ). This shows the importance of the DMS flux for the SO 2 mixing ratio.
[30] SO 2 is higher in the ''aerosol off'' run than in the other runs shown in Figure 3 because no uptake on aerosols occurs in that run. The morning mixing ratios of SO 2 are higher in the base run than in the ''halogen off'' run. This is caused by reaction (1) and subsequent reactions that transfer DMSO into SO 2 . This also shifts the peak in SO 2 formation from noon in the ''halogen off'' run to about 09:20 LT in the base run (not shown). The total production 
decreased significantly when halogen chemistry is active. This is mainly caused by a decrease in DMS and to a smaller extent due to a decrease in OH in the base run vs. the ''halogen off'' run (see Figure 3) . The production of SO 2 from DMSO roughly compensates for this reduction but does not lead to a significant increase in SO 2 because DMSO is only partly converted to SO 2 .
[31] DMSO, the product of DMS + BrO, is also partly produced in the reaction of OH with DMS. Apart from uptake on particles, reaction with OH is the only sink for DMSO. Therefore a steady state concentration of DMSO is reached, which shows a diurnal variation (see Figure 3) . In the absence of BrO the DMSO concentration is rather small. It is significantly enhanced by the inclusion of the production of DMSO by BrO. In a model run without the inclusion of halogen chemistry the ratio DMSO/DMS is roughly between 0.008 at sunrise and 0.02 at local noon. Including halogen chemistry this ratio rises to about 0.1 just before sunrise (0.02 before the halogen chemistry is completely developed) and roughly 0.3 shortly later when BrO reaches ACH its maximum. At local noon the ratio has decreased again to about 0.1.
[32] As DMSO is mainly produced by reaction (1), its diurnal variation is similar to that of BrO (see Figures 2 and  3 ). It has a peak in the morning and the afternoon and a minimum around noon. The diurnal variation of BrO is due to differences in the wavelength dependence of the photolytic source of BrO and its most important reaction partner HO 2 . This is explained in detail by von Glasow et al. [2002] .
[33] A recent study by Falbe-Hansen et al. [2000] suggests that reaction of DMSO with Cl and NO 3 might be important as well, but typical mixing ratios and the rate constants given by Falbe-Hansen et al. [2000] indicate that reaction with OH should be at least 2 orders of magnitude faster than with NO 3 or Cl.
[34] Chen et al.
[2000] presented a comparison of field data [Bandy et al., 1996] with model results indicating that the reactions included in their model lead to an underestimation of the measured DMSO mixing ratios (10 to 50 pmol/mol, mean 25 pmol/mol) by roughly a factor of 50. They, however, did not consider the production of DMSO by BrO. In our model runs the influence of bromine chemistry leads to a factor of 2 to 25 difference in DMSO between the base run and the run without halogen chemistry (Figure 3) .
[35] Chen et al.
[2000] discussed the potential role of Cl in the oxidation of DMS. They include a constant Cl 2 source into their model that produced a strong Cl peak due to photolysis in the morning which enhances the agreement between model and observation in the morning where observations show an earlier decrease of DMS than their model without Cl. They show, however, another plot (their Figure 4) where both in the early morning and late afternoon agreement between their model and observations is less good. In our model runs with halogen chemistry the decrease of DMS mixing ratios starts earlier in the morning than without inclusion of halogen or aerosol chemistry (Figure 3 ). This is due to reaction of DMS with BrO. This reaction could also explain an increased destruction of DMS in the evening when the second peak of BrO leads to higher rates of this reaction than during the day. Reaction rates of Cl + DMS in the model are only 10% of BrO + DMS, indicating that the importance of chlorine was overestimated by Chen et al. [2000] , who did not consider the reaction BrO + DMS ! Br + DMSO.
[36] Ayers and Gillett [2000] compared the diurnal variation of DMS from measurements with model results that do not include halogen chemistry. In the measurements they showed, the DMS loss starts earlier than in their model (their Figure 6 ) which might again point to the involvement of early morning DMS destruction by BrO which they neglected in their model.
Chemistry of the Cloudy MBL
[37] To study the influence of clouds on the halogen reaction cycles that were discussed above and to see the effects of halogens on the oxidation of sulfur in stratiform clouds, several model runs were performed where the initial and boundary conditions were chosen such that a stratiform cloud develops in the model. Results from 2 runs with different wind velocities are discussed.
[38] In the standard cloud run the value of the large scale subsidence was chosen, such that the cloud top remains stable at 750 m. The cloud depth varies between 200 m during the day and 450 m during the night. The maximum liquid water content (LWC) is roughly 0.75 g/m 3 before sunrise and 0.45 g/m 3 in the afternoon. [39] In the ''strong wind'' run the geostrophic wind speed was increased resulting in surface wind speeds of roughly 11 m/s compared to 6 m/s in the base cloud run. The resulting increase in emissions of sea salt aerosol particles and exchange of heat and moisture between ocean and atmosphere lead to a higher maximum cloud LWC (0.95 g/m 3 ), higher maximum cloud depths (up to 600 m now), increased temperatures (0.5 to 1 K), increased absolute and relative humidity, and a very slow growth of the MBL height (ca. 25 m in 3 days). Turbulent kinetic energy increased two-to threefold in the subcloud layer.
[40] The difference of the cloud depth during day and night is a consequence of the dynamical decoupling of the cloud and subcloud layers during day which results in a smaller supply of humidity from the sea surface to the cloud layer during day. Furthermore, the entrainment of drier and warmer air from the free troposphere is confined to the cloud layer during day, resulting in smaller LWC. The main cause for this decoupling are vertical differences in the short-and longwave radiative heating rates during day and night which lead to the formation of a stable layer at cloud base during day and destabilization during night. For more details, see, e.g., Driedonks and Duynkerke [1989] , Duynkerke [1989] , and Bott et al. [1996] . Figure 4 shows a contour plot of the LWC where the diurnal variation of the cloud base height can clearly be seen.
Gas Phase Chemistry
[41] In the cloud runs soluble species like NH 3 or SO 2 are rapidly taken up by the cloud and are also depleted below cloud base during the first night. This is a consequence of the well mixed MBL during night that ensures a rapid exchange of cloud and subcloud air. The dynamical decoupling of cloud and subcloud layers during day is reflected in the vertical gradients of all (soluble and insoluble) gases. For example, the insoluble DMS, which is emitted from the sea surface at the same rate during day and night in the model, accumulates during day below the cloud. This happens even though the chemical sinks for DMS are stronger than during the night. At noon DMS is roughly 55 pmol/mol below cloud and less than 40 pmol/mol within the cloud. At midnight, after dynamical recoupling of the MBL and the resulting vertical transport, the mixing ratio is around 45 pmol/mol throughout the MBL, showing no vertical gradient below and within the cloud. DMS starts to rise shortly after noon in the ''strong wind'' cloud run (see Figure 5 ) but drops significantly shortly after. In this run the subcloud layer is less deep than in the base cloud run, so DMS emissions are confined to a smaller column of air leading to a greater increase. The drop is caused by the recoupling of cloud and subcloud air in the late afternoon followed by vertical equilibration of DMS mixing ratios in the MBL.
[42] The most striking difference in the gas phase halogen species between aerosol only and cloud model runs are the diurnal cycles of Cl x and Br x (see Figure 5 vs. Figure 2 ) which show maxima during daylight and very small mixing ratios during night in the cloudy runs. These differences also occur close to the surface and not only in cloudy layers. Furthermore, in the cloud runs, total gas phase bromine and chlorine is less than in the cloud-free runs, but the activation is quicker due to a lower pH and a higher LWC of the sea salt aerosol (due to a higher relative humidity also below cloud compared to the base run [see von Glasow and Sander, 2001] ). Subcloud mixing ratios of Br x and Cl x are a lot higher than in the cloud due to uptake of the soluble species (e.g. HOBr) by the droplets.
[43] In the cloud-free runs Br 2 , BrCl and Cl 2 accumulate during the night resulting in highest Cl x and Br x mixing ratios (see above). In cloud runs, the degassing of Br x from subcloud aerosol particles is weak during night and most of it is immediately taken up by cloud droplets at higher levels. In the cloud droplets the net direction of the equilibria:
is towards Br À and Cl À because the forward rates are third order and therefore a lot slower in the diluted cloud droplets, whereas the backward reactions are first order and therefore not influenced by dilution. This causes uptake of Br 2 and BrCl by the droplets during the first half of the night to establish a Henry's law equilibrium. Uptake of gas phase Br x during afternoon and night by the cloud droplets is further enhanced by the growth of the cloud depth and the stronger mixing and recoupling of cloud and subcloud layers. The scavenging of bromine and chlorine is so efficient that hardly any halogens can be found in the gas phase during the night over the whole depth of the MBL.
[44] The accumulation of photolyzable bromine in the cloud-free runs during the night in the gas phase leads to a rapid increase in BrO during sunrise [see also von Glasow et al., 2002] . In the cloud runs the production of BrO is delayed because no photolyzable bromine is present in the gas phase at sunrise. In the cloud runs every morning the halogen chemistry has to be restarted by the reaction cycles explained by von Glasow et al. [2002] . This, however, takes place quite rapidly because it is supported by the evaporation of cloud droplets with a rather high halogen loading to highly concentrated aerosol particles. Cloud particles (grown on either sea salt or sulfate aerosol particles) with high bromine loadings sediment from near the cloud top, where the LWC is highest, to layers where the droplets shrink. Then degassing takes place from the droplets that shrank to aerosols. This is shown in Figure 6 that depicts the exchange of Br species between gas and aerosol phase in 315 m height. Sulfate aerosol particles act as a bromine source in the early morning and late afternoon when shrinking and evaporation of particles with high Br -is strongest. Then Br 2 is released. During the day sulfate aerosols are no net source for bromine. The resulting diurnal variation of Br À is similar in the model for all 4 aqueous phases with a maximum during night and a minimum during day, which is the opposite from cloud-free model runs (see Figure 7) . The dynamical decoupling of the cloud and subcloud layer reduces the loss of gas phase halogens from subcloud layers to the cloud droplets during day. This leads to a strong vertical gradient of the bromine species.
[45] Rancher and Kritz [1980] made observations of total inorganic gas phase bromine and aerosol Br À during a ship cruise off the African coast. They found strong anticorrelated diurnal cycles of gas and aerosol phase bromine. They mention a cloud cover between 0 and 0.5. The diurnal cycle they found could be due to processes that are similar to the ones that we just described.
[46] In the run with increased wind velocity, larger sea salt particles are emitted. This leads to a higher pH of the sea salt aerosol due to the increased buffer capacity. The total gas phase bromine is, unlike in the cloud-free runs with different wind speeds, roughly the same in both cloud runs. This is mainly caused by greater sinks for Cl x and Br x (uptake by cloud droplets) in the ''strong wind'' run due to a decreased height of the subcloud layer.
[47] The diurnal variation of active halogen species shows some differences with more pronounced morning and evening peaks in the ''strong wind'' run than in the base cloud run (see Figure 5) . The cause for this lies in the diurnal cycle of the photolysis of O 3 . The LWC of the cloud and therefore also the attenuation of solar radiation is greater in the ''strong wind'' run than in the standard cloud run. This results in smaller early morning photolysis rates of O 3 and smaller HO 2 mixing ratios in the ''strong wind'' run. Thus the sink for BrO is weaker and early morning and late afternoon peaks in BrO as in the cloud-free runs can be observed. Maxima in OH and HO 2 appear later in the ''strong wind'' run than in the base run, because the minimum in the cloud water column and therefore the maximum in O 3 photolysis are delayed.
[48] Due to multiple scattering of photons by the cloud droplets photolysis rates and therefore also O( 
Aqueous Phase Chemistry
[49] Below the cloud the pH of the sea salt aerosols was significantly smaller (1 -2 pH units) and unchanged for the sulfate particles compared to the same height in cloud-free runs. This decrease is due to a higher relative humidity also below cloud in the cloudy runs. As explained by von Glasow and Sander [2001] , a higher relative humidity leads to a decrease in the pH of sea salt aerosols, as long as the particles do not grow too much. The in-cloud interstitial aerosols grew a lot stronger compared to the aerosols in the cloud-free runs in similar heights because the relative humidity is close to saturation. These particles grew enough to make dilution more important than the pH decreasing process discussed by von Glasow and Sander [2001] so that the pH increased.
[50] In cloud droplets the pH is about 4.5 for droplets grown on sulfate aerosols and about 4.8 for droplets grown on sea salt aerosols. In the ''strong wind'' run the sulfate droplet pH is about 0.1 pH-units higher and in sea salt droplets it is between 5 and 6.
[51] Clouds play a very important role in the oxidation of S(IV) (see, e.g., Seinfeld and Pandis [1998] for an overview). The reaction rates are several times higher than in the gas phase or in aerosol particles. Table 3 shows the total S(IV) oxidation rate and the contribution of the different paths in the cloud runs compared to the standard cloud-free run. Mean sulfur oxidation rates increased by 250% in the base cloud run and by 275% in the ''strong wind'' cloud run compared to the base cloud-free run. Mean oxidation rates are now roughly 2 Â 10 À9 mol/(m 3 day) (averaged over the depth of the MBL). Cloud droplets dominate the sulfur oxidation with 80 to 95% of the total. Oxidation in the gas phase accounts now only for roughly 2% and in the sea salt aerosol for 1 to 17% of the total column S(IV) oxidation. Due to the lower SO 2 mixing ratios (caused by uptake by the droplets) the absolute values of the gas phase sulfur oxidation also changed significantly compared to the standard cloud-free run showing reductions of 83% and 94% in the standard and the ''strong wind'' cloud runs, respectively.
[52] The total mean lifetime of SO 2 is reduced to 3.1 h now, compared to 5 to 10 days for the cloud-free runs (and about 1 day for the runs with high wind speed). The lifetime of SO 2 against oxidation by OH decreased by roughly 50% compared to the base cloud-free run. This is caused by an increase in OH concentrations (see above). The mean lifetime of SO 2 against uptake and subsequent oxidation in the sulfate aerosol particles decreased by approximately 2 orders of magnitude due to the growth of the particles in the more humid air compared to the cloud-free runs. It is roughly the same for sea salt aerosols. The mean lifetime of SO 2 against uptake and subsequent oxidation in the droplets is 1.23 Â 10 4 s for particles grown on sulfate aerosol and 3.34 Â 10 5 s for particles grown on sea salt aerosol. The large difference in lifetimes between aerosols and droplets is due to the difference in particle water content and the related accelerated uptake in droplets. When comparing the rates for cloud-free and cloudy model runs, one should always be aware of the large variability in sulfur oxidation for different conditions as was already shown for the different aerosol only runs.
[53] In the cloud droplets grown on sulfate aerosol particles oxidation by H 2 O 2 is dominating followed by oxidation by HOBr. In both droplet classes oxidation of S(IV) by HOBr is more important than by HOCl. This changed behavior compared to the aerosol particles is caused by the dilution in cloud droplets. In the cloud-free runs in the concentrated sea salt aerosols, the forward reaction of (3) is the main sink for HOBr, reducing its availability for S(IV) oxidation. In the diluted cloud droplets (note that for reactions the concentration of Cl À in mol/l is rate determining, which is strongly dependent on the LWC) this 3rd order reaction is weaker. This makes the S(IV) oxidation by HOBr more important than by HOCl because then the higher rate coefficient for HOBr + S(IV) more than compensates the smaller concentrations of HOBr compared to HOCl.
[54] Chameides and Davis [1982] and Jacob [1986] proposed the importance of the reaction S(IV) + OH in the oxidation of sulfur. In the cloud runs between 8 and 10% of S(IV) was produced by this reaction in the sulfate droplets.
[55] In cloud droplets, oxidation by O 3 is less important than oxidation by OH. In the sea salt aerosols of the ''strong wind'' cloud run, O 3 oxidation contributes nearly 8% to the total S(IV) oxidation rate, whereas in the base cloud run there was no significant contribution of it. Due to the low NO x concentrations, oxidation of S(IV) by HNO 4 does not play a role in the model runs.
Conclusions
[56] We presented results from a one-dimensional MBL model with detailed gas, aerosol, and cloud droplet chemistry. The potential role of BrO in the oxidation of DMS and production of DMSO was supported. This points to possibly underestimated total oxidation rates of DMS in studies that do not incorporate halogen chemistry. The role of HOBr and HOCl in the oxidation of S(IV) in aerosol is also in agreement with previous box model results.
[57] The influence of the presence of stratiform clouds on halogen and aerosol chemistry was also subject of this paper. Significant differences in the diurnal variation of many species as well as in the phase partitioning of bromine compared to cloud-free runs were found. Even in subcloud layers the effects were strong, e.g., Cl x and Br x are mainly partitioned to the aqueous phase during night which is not the case in the cloud-free runs. The turbulent state of the MBL is important for the vertical transport of substances. In the cloud-free MBL usually the whole MBL is well mixed whereas in the cloudy MBL this is mainly true only during the night. During day the cloud and subcloud layers are decoupled resulting in reduced vertical exchange.
[58] Apart from H 2 O 2 , HOCl and HOBr are important oxidants of S(IV) in cloud particles. The relative importance of the two latter species changed compared to oxidation in aerosol particles due to dilution effects.
[59] At higher wind speeds and resulting higher fluxes of sea salt aerosol to the atmosphere, total S(VI) production increases significantly in cloud-free situations, whereas under high wind speed conditions in cloudy situations there is mainly a shift from oxidation in cloud droplets towards sea salt aerosol particles.
[60] Comparisons of results from field campaigns with models that do not include cloud processes may be very misleading in light of the fundamental differences that were found between cloudy and cloud-free model runs. Many measurements in the MBL are made near the sea surface but this part of the MBL is also influenced by clouds in higher layers. Information about cloud cover, vertical extent of the cloud, etc. from field campaigns would be very helpful to adequately describe the circumstances under which the measurements were made and to be able to interpret the results correctly. Local influences that especially impact coastal measurements could not be studied with this model but might change both MBL development and fluxes of reactive species significantly. Given this and the distinct vertical profiles that were found in the model for many compounds, one should be careful with the extrapolation of surface measurements to the entire MBL.
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